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Highly dispersed PVP-supported Ir–Ni bimetallic nanoparticles as
high performance catalyst for degradation of metanil yellow
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Abstract. Bimetallic nanoparticles, a new class of materials for catalysis, were intensively investigated. Highly dispersed
Ir–Ni bimetallic nanoparticles with varying mole fractions were synthesized by modified polyol reduction method from
the solution of iridium trichloride and nickel chloride in ethylene glycol, which acts as both solvent and reducing agent.
The particles were characterized for their size, morphology and composition using various techniques like UV–Vis, Fourier
transform infrared (FT-IR), X-ray diffraction (XRD), transmission electron microscopy (TEM), field emission scanning
electron microscopy (FE-SEM) and X-ray photo electron spectroscopic (XPS) techniques. The synthesized nanoparticles
were in pseudo-spherical morphology and utilized as catalyst for the degradation of dyes. The feasibility of degradation
of an azo dye i.e., metanil yellow (MY) in aqueous alkaline medium by hexacynoferrate (III) ions using Ir–Ni bimetals
as catalyst, prepared in different molar ratios, was investigated. Results show that Ir–Ni (2:1) bimetals have good catalytic
activity and degradation as compared to Ir–Ni (1:2) due to their small size and high stability for the oxidation of MY.

Keywords. Ethylene glycol; iridium trichloride; nickel chloride; polyvinyl pyrrolidone (PVP); metanil yellow (MY);
degradation.

1. Introduction

Fast increasing population, fast pace of industrialization,
modernization of civilizations, agricultural as well as domes-
tic wastes and several environmental changes are declining
the quality of water [1]. Textile dyes and other commercial
colourants have become a major concern to environmental
pollution. Many dyes are made as highly water-soluble to meet
the colour requirement of deep dyeing. As a consequence,
traditionally, wastewater becomes contaminated [2]. Waste
water from textile, paper, food and some other industries con-
tain residual dyes, which are not readily biodegradable. Azo
dyes possess one or more azo groups and are widely used
in many industries because of their chemical stability and
its comparatively easier synthetic processes [3]. The effluent
streams from textile plants are highly coloured in most cases.
The depolarization of this kind of wastewater becomes very
important not only for aesthetic reason, but also because many
dyes and their breakdown products are toxic to aquatic life and
mutagenic to humans [4]. Metanil yellow (MY), an azo dye
was proved to be heptatoxic in albino rats [5,6]. Thus, it is
very essential to degrade dyes and make the environment free
from toxicity. A wide range of methods were developed for
the removal of synthetic dyes from waters and wastewaters
to decrease their impact on the environment. The technolo-
gies involve adsorption on inorganic or organic matrices,
decolourization by photocatalysis, and/or by oxidation pro-
cesses, microbiological or enzymatic decomposition, etc. The

efficacy of various methods of dye removal, such as chemical
precipitation, chemical oxidation, adsorption along with their
effects on subsequent biological treatment was compared in
an earlier paper, which suggest that the chemical oxidation
is the effective method, but the efficiency strongly influenced
by the type of oxidant used [7].

Some more methods are coagulation, flocculation, reverse
osmosis and adsorption on activated carbon [8]. In the past
few years, it was observed that the nanoparticles were also
used for the oxidation of several dyes [9].

The interest in the study and procedure of nanoscale
bimetallic nanoparticles increased nowadays. Various bimetal-
lic nanoparticles were synthesized in the recent past because
of the modification of property not only due to size effects,
but also as a result of incorporation of second catalytic metal
e.g., Pd, Ni and Pt modifies the catalytic, electronic and
optical properties and enhance degradation rates as com-
pared to nanoiron alone [10–12]. When a metal is associated
with another metal in bimetallic or alloy form, the proper-
ties of the resulting material can be enhanced with respect to
those of pure metals. Metal nanoparticle catalysts are highly
demanded for various indisiciplinary chemical processes. A
huge number of metal nanoparticles were developed by reduc-
tion of metal salt precursors in the presence of surfactants,
which prevents the nanoparticles from aggregation in the
solution-phase synthetic methods [13–15].

Among the various metal and metal oxide nanoparticles
studied so far, the transition metal oxides are an important

1

http://crossmark.crossref.org/dialog/?doi=10.1007/s12034-018-1591-5&domain=pdf


81 Page 2 of 8 Bull. Mater. Sci. (2018) 41:81

group of materials as they form a wide variety of structures,
display many interesting properties, and have numerous appli-
cations. They also show fascinating colour change in the
UV–Vis region due to their close lying conduction and valence
bands in which electrons can move freely [16]. Among these,
iridium is particularly an interesting transition metal catalyst.
There are reports of unusually high catalytic activity from
molecular iridium cluster [16,17]. The use of nickel-based
catalyst is common in chemical industries due to their low-
cost and active catalyst as those of Pt, Rh, Pd, Ru and Ir. It can
be seen that transition metal nanoparticles are very attractive
to use as catalyst due to their high surface to volume ratio
and their high surface energy, which make their surface atom
active [18,19]. Many techniques and methods were adopted
to prepare bimetallic nanoparticles of various kinds, includ-
ing alcohol reduction, seed growth method, polyol process,
solvent extraction-reduction, sono chemical method, photo-
catalytic reduction, environmentally begin synthesis process
and metal evaporation condensation [20].

Bimetallic ultrafine particle often agglomerate to form
either lumps or secondary particle to minimize the total sur-
face or the interfacial energy of the system, therefore, it is very
important to stabilize the particle against adverse agglom-
eration at both the synthesis and the usage stage. In this
paper, we have synthesized bimetallic Ir–Ni nanoparticles
with (2:1) and (1:2) molar ratio by modified polyol method,
using polyvinyl pyrrolidone (PVP) as capping agent. These
particles were characterized by UV–Vis, Fourier transform
infrared (FT-IR), transmission electron microscopy (TEM),
field emission scanning electron microscopy (FE-SEM),
X-ray diffraction (XRD) and X-ray photo electron spectro-
scopic (XPS) methods of analysis.

2. Experimental

2.1 Materials

All reagents were obtained from typical commercial sources
and used without further treatment. Iridium trichloride, nickel
chloride (used as precursor salt) and ethylene glycol (used

as solvent and reducing agent) were purchased from SRL.
Sodium hydroxide pellets were obtained from Merck. PVP
(SRL, MW 10,000) was used as capping agent. All solutions
were prepared in double-distilled water.

2.2 Equipments

UV–Vis spectra during the synthesis were recorded using
systronic-117 spectrophotometer in the range of 220–550 nm.
The FT-IR spectra were measured with a Perkin Elmer using
the KBr pellet technique. The XRD measurements were con-
ducted by the dry powders using Bruker Axs D-8 advance
diffractometer with CuKα (λ = 0.154 nm) radiation over a
range of 2θ angles from 20 to 90◦. The average thickness of
the sample was determined using the Debye Scherrer equa-
tion. Transmission electron micrographs were obtained using
TEM CM 200, operated at an accelerating voltage of 20–200
kV. Randomly orientated particle on the TEM substrate were
obtained by using diluted solution of nanoparticles. For sur-
face morphology, Zeiss EVO-18 SEM was used. The surface
composition and oxidation state of nanoparticles were anal-
ysed by XPS using a PHI 5000 Versa Prob II, FEI Inc. using
Al monochromatic X-ray at a power of 24.6 W and the spectra
were obtained at electron take off angle 45◦ by passing the
energy of 187.85 eV.

2.3 Synthesis of bimetallic nanoparticles

In the present work, synthesis of Ir–Ni bimetllic nanopar-
ticles in different molar ratios (4:1, 1:4, 3:1, 1:3, 2:1, 1:2,
1:1) using precursor salts of iridium chloride and nickel
chloride by modified polyol reduction method was carried
out [21]. The synthesis was monitored spectrophotometri-
cally. A constant peak in the spectrum is the indication of
formation of stable bimetallic nanoparticles. The synthesis
of Ir:Ni bimetallic nanoparticles in 4:1, 1:4, 3:1 and 1:3
ratios do not show any constant peaks, but 1:2 and 2:1 show
constant peaks at 324 and 342 nm, respectively (table 1).
Polymer-stabilized bimetallic nanoparticles in alcohol were
prepared by simultaneous reduction of the two corresponding
metal salts. Precursor salts of iridium trichloride and nickel

Table 1. Synthesis conditions for the preparation of (Ir:Ni) bimetallic nanoparticles.

IrCl3 (M) NiCl2 · 5H2O (M) Ir:Ni PVP (M) Ethylene glycol NaOH λmax

1.182 × 10−3 4.9 × 10−3 1:4 7 × 10−6 25 ml 1 ml No stable peak
3.9 × 10−3 0.98 × 10−3 4:1 7 × 10−6 25 ml 1 ml No stable peak

1.182 × 10−3 3.9 × 10−3 1:3 7 × 10−6 25 ml 1 ml No stable peak
2.9 × 10−3 0.98 × 10−3 3:1 7 × 10−6 25 ml 1 ml No stable peak

1.182 × 10−3 2.4 × 10−3 1:2 7 × 10−6 25 ml 1 ml 324 nm
0.98 × 10−3 1.9 × 10−3 2:1 7 × 10−6 25 ml 1 ml 342 nm

1.182 × 10−3 0.98 × 10−3 1:1 7 × 10−6 25 ml 1 ml 279 nm

Bold indicates the working experimental conditions.
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Figure 1. (1, 2, 3) The colour of iridium precursor, nickel precursor
and their bimetallic nanoparticles, respectively.

chloride in different molar ratios were dissolved in 25 ml
ethylene glycol. A certain amount of PVP was added to this
solution and the system was maintained under magnetic stir-
rer until total dissociation of PVP occurs. Required amount
of NaOH is added by maintaining pH 11. After being stirred
at room temperature, the whole content was transferred into
three-necked flask and reflux for 2 h in oil bath at 140–
180◦C temperature. After refluxing, the colour of the solution
becomes blackish brown from pale yellow (figure 1). The
synthesized colloidal dispersion is stable and it neither pre-
cipitates nor flocculates over a period of several months.

3. Results and discussion

The formation of Ir–Ni bimetallic nanoparticles was notice-
able by the dramatic colour change of the system from pale
yellow to brown. In general, reaction proceeds as an oxida-
tion of the ethylene glycol reducing the metallic precursor
to its zero-valent state. The overall reaction based on the
experimental results and previously reported work, the fol-
lowing reaction mechanism can be proposed for the synthesis
of bimetallic Ir–Ni nanoparticles [22]:

OH−CH2−CH2−OH
(Ethylene glycol)

oxidizes−−−−→ CH3−CHO + H2O,
(Acetaldehyde)

6(CH3−CHO) + 2IrCl3
−→ 2Ir0 + 6HCl + 3(CH3−CO−CO−CH3),

(di-ketobutane)

2(CH3−CHO) + NiCl2 · 6H2O

−→ Ni0 + 2HCl + 6H2O + CH3−CO−CO−CH3.
(di-ketobutane)

The above reactions explain the reduction of Ir+3 to Ir0 and
Ni+2 to Ni0.

Figure 2. UV–Vis spectra of (a) iridium precursor, (b) nickel pre-
cursor, (c) iridium(0) monometal, (d) nickel(0) monometal, (e) Ir :Ni
(2:1) bimetals and (f) Ir:Ni (1:2) bimetals.

3.1 UV–Vis spectrophotometry

UV–Vis spectrophotometer was used to carry out the optical
measurements. The sample was placed in quartz cuvette using
ethylene glycol as a reference solution. The absorption spec-
tra of precursor salt of Ir, Ni and monometallic and bimetallic
nanoparticles of Ir and Ni in various molar ratios of Ir–Ni are
shown in figure 2. The figure shows that peaks of Ir(III) and
Ni(II) are at 234 and 224.4 nm, which on reduction by ethylene
glycol shifted to 308.8 and 283.2 nm for Ir(0) monometallic
and Ni(0) monometallic nanoparticles, respectively [23,24].
So two absorption bands would be aspected for a physical
mixture of Ir and Ni monometallic nanoparticles and the for-
mation of Ir–Ni alloy could be deduced from the fact that the
optical absorption spectra show only one broad peak. In the
spectra (e) and (f), the formation of new broad peak at 342 and
324 nm for Ir–Ni (2:1) and Ir–Ni (1:2), respectively, shows
the formation of bimetallic nanoparticles. The spectrum of
bimetallic nanoparticles is not a simple sum of those of two
nanoparticles indicating that these bimetallic nanoparticles
have an alloy structure. It was observed that the maximum
absorption peak have shown shift from monometallic Ir
and Ni absorption peaks depending upon their molar ratios
i.e., for Ir:Ni (2:1), it shows a more shift than Ir:Ni (1:2)
nanoparticles.

3.2 XRD

The XRD pattern of bimetallic nanoparticles was obtained
from the peak angular position (2θ ) and the corresponding
miller indices (hkl) using Bragg’s law.

dhkl = nλ/2 sinθ,
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Figure 3. XRD pattern of (a) iridium monometals, (b) Ni
monometals, (c) Ir:Ni-1:2 bimetals and (d) Ir:Ni-2:1 bimetals.

where λ is XRD wavelength, θ the peak for (hkl) each.
The average crystalline size was calculated using Debye

Scherrer equation and the obtained results are listed as

D = 0.9λ

cos θ × B
,

where D is the average crystallite site, B the full-width at half
maxima, θ the Bragg angle and λ is radiation wavelength.

The XRD spectrum of monometals of nickel, iridium and
Ir–Ni bimetals in different molar ratios are shown in figure 3.
Two characteristic peaks of nickel nanoparticles (2θ = 45.10,
51.40◦) marked by indices (111, 200) were observed in fig-
ure 2b. This reveals that the resultant nanoparticles are of
pure Ni(0) and with FCC structure [25]. Figure 3a shows
two diffraction peaks located at 2θ = 40.19, 47.27◦, which
correspond to Ir(0) with crystallographic planes (111) and
(200), respectively (card no. JCPDS-ICDD 6-598). The lat-
tice parameter calculated for Ir and Ni are 3.88 and 3.47 Å,
respectively. The most representative reflection of Ir nanopar-
ticles were indexed as a FCC lattice. The XRD pattern points
to the formation of Ir–Ni solid solution alloy nanoparticles,
possibly with a FCC structure with a lattice parameter of 3.90
and 3.54 Å for Ir:Ni (2:1) and Ir:Ni (1:2), respectively. The
characteristic peak for bimetals Ir:Ni (2:1) were observed at
2θ = 40◦, which is towards Ir monometals due to the high con-
centration of Ir, while Ir:Ni (1:2) peak at (2θ = 44.18◦) towards
Ni monometals due to high concentration of Ni. No separate
peaks for Ir and Ni were observed in bimetallic nanoparticles.
The approximate diameter calculated by Scherrer equation for
Ir:Ni (2:1) and Ir:Ni (1:2) bimetals are 8.46 ± 0.1 and 10.79
± 0.1 nm, respectively.

3.3 FT-IR

FT-IR spectroscopy can provide vital information regarding
surface interaction. Figure 4 shows that the FT-IR spectra

Figure 4. FT-IR spectra of Ir:Ni (2:1) and Ir:Ni (2:1) bimetallic
nanoparticles.

of Ir:Ni (2:1) and Ir:Ni (1:2) bimetallic nanoparticles are
almost similar types, which may be due to the involvement
of same type of interaction amongst iridium, nickel and PVP
molecule irrespective of Ir/Ni ratio. The appearance of band at
2357.24 cm−1 due to the coordination of precursor salts of
iridium, nickel, and PVP indicating the formation of Ir:Ni
bimetallic nanoparticles. It is obvious that the surface of
bimetallic nanoparticles is observed with PVP and the chem-
ical interaction with PVP and bimetals took place based on
the shifting of carbonyl bond absorption peak from 1644 for
pure PVP to 1648 for bimetallic nanoparticles supported by
PVP [26]. In all the spectra, the broad absorption band also
appeared at 1428 cm−1 resulted from the vibration of the ter-
tiary nitrogen of PVP. Other observed band at 2948 cm−1

is attributed to the asymmetric stretching vibrations of C–H
bond and band at 3447 cm−1 assigned to –OH group due to
ethylene glycol.

3.4 TEM

Figure 5 is a micrograph and histogram of Ir:Ni (2:1) and
Ir:Ni (1:2) bimetallic nanoparticles. TEM analysis revealed
that size of synthesized Ir:Ni (2:1) bimetallic nanoparticles
ranges between 0.92 and 3.70 nm, and the size of Ir:Ni (1:2)
bimetallic nanoparticles ranges between 1.85 and 5.55 nm.
The spectra shows that the synthesized particles are pseudo-
spherical with small size distribution.

3.5 FE-SEM

The powered samples were scanned through FE-SEM, which
gives information about the surface morphology of synthe-
sized nanoparticles. FE-SEM images of synthesized bimetals
at a temperature of 140–180◦C are shown in figure 6. From the
images, it is clear that the bimetallic nanoparticles Ir:Ni (2:1)
(figure 6b) have pseudo-spherical nanoparticles with nearly
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Figure 5. TEM images of (A) Ir:Ni-2:1 bimetals and (B) Ir:Ni-1:2 bimetals.

Figure 6. FE-SEM images of (A) Ir:Ni-1:2 bimetallic nanoparticless and (B) Ir:Ni-2:1 bimetallic
nanoparticles.

uniform size and less dispersed in bulk state by avoiding
their aggregation due to the coordination with Ir, Ni ions in
the composite mixture. Figure 6a shows that the bimetallic
nanoparticles Ir:Ni (1:2) are irregular in shape and similarly,
their distribution is not uniform with some agglomeration.

3.6 XPS

The XPS graphs of Ir–Ni bimetallic nanoparticles for car-
bon, iridium and nickel are shown in figure 7a and b. The

oxidation state of iridium and nickel in the resulting bimetallic
nanoparticles was analysed by XPS. The deconvolution of the
high resolution Ir 4f spectrum of iridium nanoparticles gives
two predominant peaks centered at 58.75 and 61.82 eV read-
ily assigned to Ir(0) 4f7/2 and Ir(0) 4f5/2, respectively, which
may originated from the surface oxidation of iridium nanopar-
ticles. The peaks at 852.2 and 851.4 eV are the characteristic
feautures of Ni0 (2p3/2). Carbon was also detected with a
nearly constant ratio from the surface to the core, and with
a C1s binding energy of 282.2 eV. This peak is assigned to
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Figure 7. (a) XPS of Ir-Ni (1:2) nanoparticles for C1s, (b) XPS of Ir-Ni (1:2) nanoparticles for Ir4f, (c) XPS of Ir-Ni
(1:2) nanoparticles for Ni2p, (d) XPS of Ir-Ni (2:1) nanoparticles for C1s, (e) XPS of Ir-Ni (2:1) nanoparticles for Ir4f
and (f) XPS of Ir-Ni (2:1) nanoparticles for Ni2p.

carbon atoms in different environments, which may be due to
PVP chain and ring [27]. The surface composition of Ir and Ni
was also analysed by XPS analysis. By XPS, no change in the
oxidation states of Ir, Ni and the carbon content was observed
in both types of synthesized bimetallic nanoparticles. There
was a single significant difference in surface atomic percent
of iridium and nickle. The surface composition of Ir is high
in Ir:Ni (2:1) and low in Ir:Ni (1:2).

4. Catalytic activity of Ir–Ni bimetals for MY
degradation

The prepared Ir:Ni (2:1) and Ir:Ni (2:1) bimetallic nanopar-
ticles were utilized as catalysts for the degradation of MY
by hexacynoferrate (III) ions in aqueous alkaline medium
at λmax of reaction mixture 435 nm. The reaction was
studied at constant temprature (40 ± 0.1)◦C by kinetic
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Figure 8. Rate vs. concentration of catalyst for the oxidation of
metanil yellow by hexacynoferrate (III) ions.

spectrophotometric method. The comparison of data is
presented in figure 8 and it shows that the addition of another
metal i.e., Ni increases the catalytic activity of Ir nanoparti-
cles. The rate of degradation of MY is highest in the presence
of Ir:Ni (2:1) bimetallic nanoparticles as compared to Ir
nanoparticles. The catalytic activity of Ir:Ni (1:2) bimetals is
less than the catalytic activity of Ir:Ni (2:1) bimetals, which
may be due to the smaller particle size of Ir–Ni (2:1) (figure 5)
providing large surface area. Furthermore, when iridium con-
tent was small, a thin primary iridium shell was found on the
nickel core and as the iridium content increases, the iridium
will deposit more on the vertices. So, Ir:Ni (2:1) exhibited
higher catalytic activity and durability for the degradation of
MY. Xu et al [28] also reported that noble metals (Rh, Pt, Ir)
act as good bimetallic catalysts with Ni for complete decom-
position of hydrous hydrazine. To study the efficiency of the
catalyst i.e., Ir:Ni bimetallic nanopaticles, its catalytic activ-
ity was compared with the reported methods as presented in
table 2. The data presented in the table show that though the
rate of degradation of azo dyes by methods 1 and 2 [11,28] is
more than our present method, but the requirement of catalyst
Fe–Ni is about hundred times more than the Ir–Ni bimetallic
catalyst.

5. Mechanism of dye degradation

Based on the above experimental results and previously
reported work [9], the following mechanism for oxidation
of MY was proposed:
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Figure 9. UV–Vis spectra of metanil yellow dye and product after
degradation.

In the above mechanism, it is assumed that in alkaline
medium mono azo dye, MY exists as anion (MY−), which
slowly forms a loosely bonded complex with Ir–Ni bimetal-
lic nanoparticles (Ir–Ni)n . This complex C slowly reacts with
HCF(III) ion resulting into a product along with (Ir–Ni)n and
Fe(CN)−4

6 .
Degradation of MY was monitored by UV–Vis spec-

troscopy (figure 9) in which MY is characterized by maximum
adsorption at 435 nm attributed to the chromophore contain-
ing azo linkage of the dye molecule in the solution. The
disappearance of the band and formation of new band at
227 nm supports the degradation of MY due to the break-
down of azo linkage.

6. Conclusion

PVP-supported Ir:Ni (2:1) and Ir:Ni (1:2) bimetallic nanopar-
ticles with the average particle size of 1.85 and 3.70 nm,
respectively, and can be synthesized easily by the polyol
method, which remains stable even after several months. TEM
analysis confirms that the as-prepared nanoparticles are small
in size with less-dispersed size distribution. The XRD studies
also reveal that the bimetallic nanoparticles predominantly
assemble in FCC structure. The attachment of PVP on the
surface of bimetals (0) nanoparticles through the C=O groups
was concluded from the observation of change in C=O stretch-
ing frequency of PVP in the FT-IR spectra. The oxidation
state of the resulting nanoparticles was determined by XPS
measurements. The synthesized bimetallic nanoparticles were
utilized as catalyst for the reduction of MY by hexacynoferrate
(III) ions and the rate constants for the degradation reaction
were determined and compared. It was found that the bimetal-
lic (Ir:Ni 2:1) nanoparticles increase the rate of degradation
of MY more as compared to bimetallic (Ir:Ni 1:2) nanoparti-
cles and the iridium monometallic nanoparticles which may
be attributed to the synergistic effects of the two monometal-
lic nanoparticles i.e., bimetallization improves the properties
of metal nanoparticles. These bimetallic nanoparticles can

be utilized to degrade various other toxic dyes which are
decanted off and are very harmful to our environment.
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